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How do life cycles evolve? What is a developmental pattern? What features comprise the patterns common among marine invertebrates? What are the character states of these features? How should we classify the diversity of patterns for evolutionary analysis? Our analysis of life cycle evolution in this paper, is based on the documented diversity of larvae and patterns of development among echinoderms. We hope that this will stimulate specialists on other taxa to attempt similar analyses, and that this will provide new insights and questions in marine life cycle evolution. In the discussion that follows, we employ definitions that we proposed in an earlier paper for some of the important terms (embryo, larva, mesogen, metamorphosis, direct development, and indirect development) that are used to describe aspects of marine life cycles (McEdward & Janies, 1993) .
Traditionally, three major patterns of larval development have been recognized: planktotrophy, lecithotrophy, and brooding (Thorson, 1950) . These three patterns capture the most striking ecological differences that occur among marine invertebrate larvae: feeding vs. nonfeeding and pelagic vs. benthic development. It is easy to place most marine invertebrates into one of these patterns. The problem is that these patterns have ambiguous definitions. For example, lecithotrophy indicates that the offspring utilize endogenous nutritional reserves and do not need to feed. However, it is not specified whether development is pelagic or benthic, protected or free-living, or involves larval stages or direct.
Recently, we proposed a classification scheme for patterns of larval development in asteroid echinoderms (McEdward & Janies, 1993) . We defined a developmental pattern to be a unique combination of life cycle character states. For our classification scheme, we used the three characters that are the basis for most classifications of developmental patterns: mode of nutrition, habitat, and type of morphogenesis (Thorson, 1950; Miliekovsky 1971 Miliekovsky , 1974 Chia 1974; Jablonski & Lutz, 1983; Grahame & Branch, 1985; Levin & Bridges, 1995) .
The two .character states for morphogenesis have traditionally been complex larval morphology (indirect development) and simple larval morphology (direct development). We employed a more extreme distinction: indirect development involves morphogenesis of a larva with either complex or simple external morphology (but with purely larval structures and a larval body plan; see McEdward, 1995) and a metamorphosis into the adult body plan, whereas direct development is restricted to cases in which morphogenesis produces the adult body plan from the embryonic organization (gastrula) without passing through a larval stage (Fell, 1945; Bonar, 1978; McEdward & Janies, 1993; Strathmann, 1993; Moran, 1994; Emlet, 1995; Schatt & Fkral, 1996) . The two character states for the mode of nutrition during development are planktotrophy and lecithotrophy. In planktotrophic development, exogenous, particulate food is required to fuel growth and development. In the lecithotrophic state, development is supported by endogenous nutritional materials provided in the egg. With regard to habitat, development can occur either in the water column (pelagic development) or on the sea floor (benthic development).
We arranged these features into a matrix of three characters, each with two states, to yield a total of eight developmental patterns. The advantage of this system for classification of pattern, over traditional classifications, is that it is explicitly multifactor and therefore unambiguous. Our classification scheme can be readily expanded by adding additional factors (sexual vs. asexual reproduction) or adding levels of detail within a factor (e.g., benthic development with or without parental care) (Levin & Bridges, 1995) . However, the three main characters are sufficient to define patterns that encompass much of the diversity within the echinoderms.
EVOLUTION OF DEVELOPMENTAL PATTERNS
The evolution of life cycles involves transitions between discrete states in one or more of the characters that comprise a developmental pattern. This leads directly to questions of how life cycle characters evolve. What are the transitional routes between character states (i.e. indirect -direct; pelagic -benthic; planktotrophiclecithotrophic)? Is a change in the state of one character independent of the state of, or changes in, the other characters? A survey of developmental types among asteroid echinoderms reveals several correlations among developmental features: character states are not randomly associated. For example, planktotrophic development is always associated with pelagic, indirect development. This results in a nonuniform distribution of species among the eight possible patterns in the matrix of life cycle character states (McEdward & Janies, 1993) . Nonrandom associations of developmental features suggest two possibilities: (1) transitions between character states of one feature require changes in other features or (2) character transitions occur independently among different features but only some combinations of character states persist over evolutionary time. In this paper, we are particularly interested in the relationship between the ecological/functional changes (planktotrophy -lecithotrophy; pelagic -benthic) and changes in morphogenesis and larval structure.
EVOLUTION OF THE TYPE OF MORPHOGENESIS
Indirect development involving a metamorphosis from larval to adult stages is the pleisiomorphic state in echinoderms (Jagersten, 1972; Strathmann, 1978 Strathmann, , 1993 Wray, 1995) . Two important morphological changes have occurred in the evolution of echinoderm life cycles, loss of feeding structures and loss of the larval body plan. This necessitates expanding our classification scheme to include three, rather than two distinct character states for type of morphogenesis: complex larval, simple larval, and nonlarval (direct development). The difference between morphologically complex and simple larvae is largely restricted to the presence or absence of external feeding structures, respectively (see sections entitled Evolution of nutritional mode and Implications for life cycle evolution). Both of these types of morphogenesis are cases of indirect development, which involves the construction of a common larval body plan that is distinct from that of the adult, and so requires a metamorphosis to transform into the definitive morphology. Echinoderm examples include: the echinoids, Peronella japonica (Okazaki, 1975) , Heliocidaris eythmgramma (Williams & Anderson, 1975) , Phyllacanthur hperh1i.s (Olson, Cameron & Young, 1993) ; the vitellaria larva of the ophiuroid, @hw& annulata (Hendler, 1982) ; the asteroids, Mediadm aequalk (Birkeland, Chia & Strathmann, 1971) , Asterna bathi (Kano & Komatsu, 1978) ; the holothuroid Molpadia intennedia (McEuen & Chia, 1985) ; and the crinoid, Flomtra serrati.ssima (Mladenov & Chia, 1983 ). Direct development is fundamentally different from indirect development and involves much more extensive modifications in morphogenesis. All elements of the larval body plan are absent in the direct type of morphogenesis. The adult body plan is constructed directly from the embryonic organization. Echinoderms that have been documented to undergo direct development are the asteroid Pteraster tesselatus (McEdward, 1992; Janies & McEdward, 1993) , the echinoid Abatus cordatus (Schatt, 1985a (Schatt, ,b, 1988 Schatt & FCral, 1996) , and the ophiuroid Ophioneries schaya ' (Fell, 194lb) .
Ideas about the nature of a larva, and therefore what constitutes indirect or direct development have changed throughout the history of larval biology. The trend recently has been to use ecological criteria to define larvae, essentially as dispersive propagules, without reference to the morphological characteristics of development (see review by McEdward & Janies, 1993) . We believe that it is important to recognize that the type of morphogenesis could change independently from the ecological attributes during the evolutionary diversification of life cycles. Reduced selection to maintain functional feeding structures would be expected to result in the loss of complex external morphology (Strathmann, 1974 (Strathmann, , 1978 W, 1987; Wray & W, 1991; Wray, 1995) . Likewise, elimination of the need for larval structures, organization, and a complex metamorphosis would result in direct development. In both cases, alterations in morphogenesis would be driven by selection for general developmental efficiency (i.e. don't build things that are not needed) or for faster development. Strathmann (1978) argued that it is probably much easier to loose an extensive set of complex structures than it is to regain them. Consequently, the polarity of transitions in morphology should be biased, with simplification of structure occurring much more frequently than acquisition of complex structures. However, the strength of this bias is not known. The minimum functional capability and morphological complexity required for the acquisition of larval feeding has not been investigated (Strathmann, 1993) . Associated with structural changes are substantial alterations of developmental mechanisms (e.g. cleavage patterns, cell fates, morphogenetic processes; Wray 1995). Changes in larval development and structure impose irreversibility on life cycle evolution (Strathmann, 1978) . Reversibility means that the transition from the ancestral to the derived character state is reversed in such a way as to restore the ancestral condition of the ancestral state. For example, increases in egg provisioning leads towards decreasing reliance on exogenous food and can result in a functionally lecithotrophic larva. Subsequent decrease in egg provisioning would reimpose the necessity to feed. Because this return to planktotrophy followed the reverse route from the evolution to lecithotrophy, we would consider it a reversal. The final planktotrophic condition would be indistinguishable from the original (same larval structure, same particle capture mechanism, same gut functioning, same growth patterns) and all larval structures would be homologous throughout the transition and its reversal. This is true reversibility and it probably occurs most often in the case of ecological transitions (i.e. mode of nutrition or developmental habitat).
Morphological changes that involve loss of larval structures and alterations of morphogenesis probably can not be reversed (in the strict sense), yet this need not preclude return to the ancestral character state by convergent evolution of novel structures. For example, simple nonfeeding larvae that lack the ancestral suite of feeding structures could, in principle, evolve a new set of feeding structures and mechanisms that would be f d y functional, but would not be homologous to those in the ancestral feeding larvae (Strathmann, 1993) . The result would be a transition, by convergence, to the ancestral state for nutritional mode. Likewise, a direct developing mesogen, or even a directly developed juvenile, could acquire new specializations that would be functional during development to provide some swimming, feeding, or defensive capability, but would be transitory and not developmentally necessary for juvenile morphogenesis, and therefore by our definition, larval. The life cycle would require a metamorphosis and would be considered a return to the indirect development character state. Again, this would not constitute a reversal, but a convergence. The difference between evolution of ecological and morphological life cycle characters is not only in the potential for subsequent evolutionary change but also the pathways by which ancestral character states are regained.
We expect transitions between nutritional modes or developmental habitats to be more frequent, rapid, and reversible than transitions among complex larval, simple larval, and nonlarval morphologies. Individual, terminally differentiated traits (e.g. quantity of nutritive material in the egg) should be less constrained than extensive, highly integrated features (e.g. coelomic morphogenesis) that have strong interdependencies during development (e.g. larval function and post-metamorphic fate). Constraints on evolutionary change are expected to increase as the number of developmental interdependencies increase (RafF & Kaufman, 1983; Thomson, 1988; Hall, 1992) . It is the length (number of steps) and extent (number of branches) of a developmental path to a terminally differentiated trait, rather than the time of appearance (age; early vs. late in development) that determines the number of interdependencies (Raf€ & Kaufman, 1983; Arthur, 1988) . For this reason, morphogenesis and organization of larval structure should be less free to respond to selective pressure than the mode of nutrition or developmental habitat.
EVOLUTION OF DEVELOPMENTAL HABITAT
Pelagic development is believed to be the ancestral character state for developmental habitat. However, there are many species that undergo development on the benthos, often brooded by the parent. Brooding has evolved a minimum of 6-10 times within the asteroids (Janies, 1995) .
Functional b& of habitat shTfts
What are the functional requirements for the transition from pelagic to benthic, brooded development? There is only one absolute requirement for benthic development: retention of eggs and embryos on the body of the mother or on the sea floor. Egg retention has been achieved by numerous adaptations of the egg or of adult morphology and behavior. Negatively buoyant eggs, sticky egg coats, adhesive secretions, or orally directed gonopores facilitate egg retention in asteroids. Furthermore eggs may be brooded externally by simply holding onto them with spines and tube feet, or brooded internally in a variety of ways: within the reproductive, skeletal, digestive, or coelomic systems, or in specialized brood chambers (see reviews by Hyman, 1955; Arnaud, 1974; McClary & Mladenov, 1990; Chia & Walker, 1991; Hendler, 1991; Holland, 1991; Pearse & Cameron, 1991; Smiley et al., 1991; O'Loughtin, 1994) . Some of these options involve simple changes that might be readily achieved whereas others are more complex and seem more difficult.
What is the relationship between evolution of developmental habitat and morphogenesis? Comparisons between related species with pelagic, nonfeeding development and benthic nonfeeding development show few morphological and functional differences. Examples of similarities between pelagic and brooded asteroid larvae include, respectively: Asterina bathen' and Asterina comnata japonica vs. Astarina psdoem&ap&ca; (Kano & Komatsu, 1978; Komatsu, 1975a; Komatsu, Kano & Oguro, 1990) , Patiklla pnni and f! cakar vs. Patiriella em&a (Byrne, 1991 (Byrne, , 1995 and Hen& lariuscula vs. Hen& sp. (Strathmann, Strathmann & Eernisse, 1988) . Additionally, direct developing mesogens of the genus pteraster are similar whether pelagic or brooded (i.e. Reraster tesselatus vs. many other species of the genus Pteraster) (Janies, 1995) . A change in developmental habitat is an ecological change that does not require alterations in morphological development (see also, Strathmann, 1993) .
Nearly all brooded starfish larvae possess the typical larval settlement structures, the brachiolar arms and adhesive disk. In the case of Leptasterias and Hen& the brachiolar arms and disk are important for the integrity of the brood because the larvae hold tenaciously to the tubefeet and oral surface of the mother as well as . 1982) . In taxa that do not have specialized internal brood chambers, brachiolar arms are maintained by selective forces that favor retention of larvae. A modified brachiolar arm morphology described as a 'tripod brachiolaria' by Byrne (1995) may be a convergent adaptation among many asteroids that deposit eggs on the sea floor (e.g. Asterha minor, Komatsu et al., 1979;  Patiriella e w , Byrne, 1995; Leptasterias ochottnk sirnilisfinis, Kubo, 1951) . This is an example of enhancement, rather than reduction, in larval features associated with the evolution of benthic development. Ecological shifts, that do not depend on correlated changes in morphogenesis, should be reversible. This leads to the prediction that there should be numerous cases in which pelagic nonfeeding development has evolved from benthic nonfeeding development. However among the echinoderms only a single plausible instance of this evolutionary transition has been reported Ptermter tesselatus (Strathmann, 1974; McEdward, 1992 McEdward, , 1995 Janies & McEdward, 1993; Janies, 1995) .
There are at least two functional requirements for pelagic development : entry into the water column at the beginning of development and settlement to the benthos at the end of the pelagic period. The first problem could be solved by reversing the changes listed above: increasing egg buoyancy, loss of egg adhesiveness, release of eggs into seawater rather than into brood structures, and elimination of brooding behavior. The ability of many brooded young to develop independently of the parent if experimentally removed indicates that in many cases the parent provides a safe place but little else that is essential for successfid development.
The second problem, settlement, should not preclude re-evolution of pelagic development. Many echinoderm larvae attach to the substratum at settlement using juvenile structures (podia). However, most asteroids utilize specialized larval structures, the brachiolar arms and adhesive disk (Barker, 1978) . Nearly all brooded starfish larvae retain the characteristic larval settlement structures. When brachiolar structures are present and functional in benthic larvae, re-evolution of pelagic development would be facilitated because settlement from the water column could occur as in any typical pelagic starfish larva. Regardless of the loss of specialized larval features (or even complete loss of the larval body plan), it should be possible for asteroids to utilize podia as attachment structures at settlement, perhaps by means of minor accelerations of developmental timing of the water-vascular system.
If transitions in developmental habitat are reversible, why do they seem so rare? We do not think that the rarity of documented cases reflects the infrequency of the evolutionary transition, but rather the lack of evidence for such a transition. If morphology does not change with transitions between pelagic and benthic development, then there would not be any indication whether a nonfeeding pelagic larva was derived from a benthic larva or a pelagic larva. A species-level cladistic analysis is required for inferences about the polarity of character evolution in the absence of evidence from larval morphology (e.g. Rouse & Fitzhugh, 1994, on external fertilization in sabellid polychaetes). In this regard, a survey of clades with highly diverse developmental patterns among other echinoderm classes, particularly ophiuroids and holothuroids would be very interesting. We predict the discovery of numerous instances of the evolution of pelagic development from benthic development in many echinoderm clades.
Relationship between brooding and dimt development
The majority of brooding lineages in asteroids and echinoids do not evolve direct development and the young do not lose larval structures or functions (reviewed by, McEdward & Janies, 1993; Schatt & FCral, 1996) . Developmental stasis (lack of change in morphogenesis and structure with a shift in developmental habitat) likely allows these lineages to switch freely between pelagic and brooded development. Under what conditions would the evolution of brooding be expected to lead to direct development? We hypothesize that the evolution of brooding leads to direct development in the few lineages that have had brooded development continually for long periods of evolutionary time. In such cases, embryos would be released from selection for maintaining larval structure and function and could respond to selection for developmental efficiency or rapid development to the adult. Known cases of direct developers in the echinoderms are nearly all brooding species: 7 of 8 species in the asteroid genus pteraster (Janies, 1995) ) the echinoid Abatus cordatus (Schatt & FCral, 1996) , and O p h i o n k schayen'(Kirk's ophiuroid, Fell, 1941b) . Putative direct developers that have not been extensively sampled and sectioned to rule out larval stages include: a brooding forcipulate asteroid, Neosmilaster geo@nus, (Bosch & Slattery, in prep.; Janies, unpublished data), the brooding asterinid asteroid, Patiriella uivipara (Dartnall, 1969; Chia, 1976; Byme, 1991) , the brooding echinoids Abatus shacklebni and Abatus nimrodi (Pearse & McClintock, 1990 ) and the brooding ophiuroids Ophiomyxa sp. (Fell, 1941 a) and Amphiura squamatu (Russo, 189 1).
Direct development is the result of extreme simplification and loss of vestigial features. We hypothesize that direct development is rare because the evolution of brooding is a recent event in many brooding lineages and there has not been sufficient time for the complete elimination of larval features that characterizes direct development to evolve. This hypothesis can be tested by reconstructing the phylogeny and calculating the divergence times between species that brood and the most closely related species that have pelagic larvae. Rarity of direct development might be due in part to negative macroevolutionary consequences of brooding. The fossil record indicates that clades with high dispersal potential (pelagic development) have historically broader geographic distribution and lower extinction and speciation rates than closely related groups with low dispersal potential (benthic development) (Hansen, 1980 (Hansen, , 1982 (Hansen, , 1983 Valentine & Jablonski, 1983; Jablonski, 1986; Valentine, 1986) . Lineages that lack dispersive larvae are subject to extinction during periods of sea level regression. For reasons unrelated to direct development per se, the rarity of long duration persistence of brooding within a lineage might limit the opportunity for the evolution of direct development. These questions indicate the importance of cladistic analyses that can estimate the rapidity and timing of character transitions in developmental habitat and type of morphogenesis. Studies of phylogeny and developmental diversity are greatly needed in all of the echinoderm classes.
Regardless of the timing of the morphological changes, it is quite clear that morphological evolution is not simultaneous with a shift in habitat. Only after crossing the functional threshold to benthic development is a new set of selective pressures imposed that allows the evolution of simpler, more direct morphogenesis. Morphological change is not required for the transition between pelagic and benthic development. Hence the ecological transition should occur quickly, frequently, and be reversible. But, because the transition occurs without alterations in morphology it will be difficult to detect using comparisons of structure or development.
EVOLUTION OF NUTRITIONAL MODE
In contrast to the similarity between pelagic and benthic developers, there are striking morphological differences between feeding and nodeeding larvae in most taxa (Strathmann, 1987; Levin & Bridges, 1995; Wray, 1995) . Feeding larvae have complex external morphology, including extensive ciliated bands, a convoluted body surface (often with lobes, arms, or tentacles), and gut openings. Nonfeeding larvae have simple external morphology, including: uniform or transverse ciliation, simple body shape, and no gut openings (Emlet, 1991) . Examples of such differences between congeners include: the asteroids Astmpecten scopurills (feeding) (Oguro, Komatsu & Kano, 1976) & Anderson, 1975; Raff, 1987; Emlet, 1995) . However, both types of larvae have similar internal organization. For example, feeding and nodeeding larvae of asteroid echinoderms share a common larval body plan that includes paired sets of coeloms, bilateral symmetry, and the juvenile rudiment in a sagittal orientation (Hyman, 1955; Erber, 1985; McEdward, 1995) . The differences in external morphology between feeding and nonfeeding larvae are not nearly as great as the differences between indirect (larval) and direct (nonlarval) development (see Janies & McEdward, 1993) . Does this mean that the differences in external morphology are minor and of little influence on the evolution of nutritional mode? No. The transition from feeding to nonfeeding development is thought to be irreversible because of the associated differences in morphology. Structures that are used in larval feeding (in echinoids for example) include: (1) an elongated ciliary band arranged in a complex geometric pattern; (2) sensory cells and a nervous system that controls feeding activity and particle selection; (3) several pairs of larval arms that bear the ciliary band and are supported by skeletal rods; and (4) a complete digestive system. These features are absent (or reduced to vestigial structures; e.g. Okazaki, 1975; Williams & Anderson, 1975; Olson et al., 1993; Emlet, 1995) in nonfeeding echinoid larvae. Whereas the transition is reversible in principle, there is no evidence that larval feeding has ever re-evolved following its loss within the echinoderms (Strathmann, 1978 (Strathmann, , 1993 . Different taxa clearly demonstrate that there are multiple morphologies and mechanisms for the capture of particulate food, but within phyla (or even groups of related phyla), the feeding mechanism can be extremely conservative (Strathmann, 1974 (Strathmann, , 1987 . The most parsimonious interpretation is that particle capture mechanisms and feeding larvae represent single evolutionary origins (Strathmann, 1974 (Strathmann, , 1978 (Strathmann, , 1993 . Otherwise, it would be necessary to infer that larval feeding had evolved repeatedly within a phylum, each time converging on the same ciliary feeding mechanism, body form, and growth pattern. Within the echinoderms, it is estimated that larval feeding was lost a minimum of 35 times and that the re-evolution of larval feeding has never occurred (Strathmann, 1978; Wray, 1995) . Loss of feeding is effectively irreversible, not because lecithotrophy is an inherently superior mode of nutrition, but rather because loss of feeding is correlated with loss of complex feeding structures.
Are transitions in nutritional mode necessarily linked to alterations in larval morphology? We believe that the discovery of larvae that are facultative feeders (Kempf & Hadfield, 1985; Emlet, 1986; Hart, 1996) indicates that evolution of nutritional mode is independent of the evolution of larval structure. Facultative feeders (e.g. the echinoids Clrpearter msaceus and B?isaxk?r hhzns) are capable of feeding and possess all of the usual feeding structures, but they do not need to feed in order to develop to metamorphosis, thus they are functionally lecithotrophic. To clarifir distinctions between different types of larvae, we utilize the following definitions (see Fig. 1 ): feeding larvae =larvae that can capture and utilize exogenous food; nonfeeding larvae =larvae that cannot capture or utilize exogenous food; planktotrophic larvae = larvae that require exogenous food for development to metamorphosis; lecithotrophic larvae =larvae that do not require exogenous food for development to metamorphosis (Kempf & Todd, 1989) . Hence, facultative feeders are referred to as lecithotrophic feeding larvae (Fig. 1) .
What are the minimal functional requirements for a change in nutritional mode? The transitions between required feeding on exogenous food (planktotrophy) and utilization of endogenous reserves (lecithotrophy) involve changes in energy acquisition. This could be accomplished by increasing or decreasing the content or changing the composition of the materials stored in the egg (Turner & Lawrence, 1979; Jaeckle, 1995) . Lecithotrophic development requires that the egg contain sufficient nutritional resources to support complete development to the juvenile. The correlation between egg size (or energy content) and nutritional mode is one of the strongest and most widespread correlations in larval ecology (Emlet, McEdward & Strathmann, 1987 , Jaeckle, 1995 . We see no reason why the direction of change in egg provisioning should be biased. It should be equally easy (or difficult) to increase or decrease the quantity of material packaged into the egg. The mechanisms by which this change in egg provisioning occurs have not been investigated in detail (but see, Eckelbarger, 1994; Eckelbarger & Watling, 1995) .
%oretical models ofplanktotrophic and lecithotmphic larval development
The conditions which would favour transitions between planktotrophic and lecithotrophic development have received considerable attention and have been evaluated formally by means of quantitative theoretical models (see reviews by Strathmann, 1985; Havenhand 1995; Herrera, McWeeney & McEdward, 1996) . The most influential model to analyze larval nutritional strategies of marine invertebrates was the fecundity-time tradeoff model by Vance (1973a) . This model, along with subsequent modifications (e.g. Vance, 1973b Vance, , 1974 Christiansen & Fenchel, 1979; Roughgarden, 1989) , has provided the conceptual framework for studies of the evolution of egg size and larval feeding strategies. In the models, egg size (s) is defined in relative energetic terms as the proportion of the energy required for development to metamorphosis. The function relating egg size to number of metamorphs is U-shaped and concave upwards throughout the range of egg sizes from s = 0-1 .O (Fig. 1) . Selection is expected to drive egg size towards the extremes.
In taxa where the frequency distribution of egg sizes among species is strongly bimodal (e.g. asteroids, Emlet et al., 1987) , one mode includes species with planktotrophic larvae and very small eggs, the other mode includes species with nonfeeding development and very large eggs. This has been taken as empirical confirmation of the theoretical prediction and has led to the current paradigm within which larval ecologists have worked for several decades: (1) patterns of larval nutrition are dichotomous and qualitatively different; (2) only extreme levels of parental investment are favoured; (3) loss of larval feeding and loss of pelagic larvae are irreversible because of the loss of larval structures.
We challenge that interpretation on the grounds that the range of egg sizes and nutritional strategies treated by the models does not match the scale of egg sizes and nutritional strategies represented in the empirical frequency distributions (Fig.   1 ). The frequency distributions span the entire spectrum of nutritional strategies from planktotrophy, through lecithotrophy with feeding capability, to nonfeeding development. Observed egg sizes range from very small (s<0.05) to extremely large (s> 1000) (McEdward, unpublished calculations) . In contrast, the models only deal with egg sizes (s) from 0 to 1 .O, and therefore nutritional strategies from planktotrophy to the threshold for lecithotrophy (Herrera et al., 1996) . The modes in the egg size frequency distribution that are observed in marine invertebrates do not match the maxima of the U-shaped function predicted by theory; they are on very different scales (Fig. 1) . A mode at the transition from planktotrophy to lecithotrophy is not observed in the frequency distributions and nonfeeding development is far outside the scope of existing theoretical models. The Vance model has been misinterpreted for more than 20 years.
Diversity of mergetic stratqks among planktotmphs
Selection for minimum egg size should result in planktotrophs that can only reach the initial larval stage that is capable of feeding and thereafter are completely dependent on exogenous food. This prediction is not supported by experimental evidence. The echinoids, Lytechinus pictus, Arb& punctulata, Stmngvlocmtmtus dmebachienesis, and Dendrmter excentricus, all provision their eggs with at least 2 to 4 times the amount of material necessary to build a functional feeding larva (Hinegardner, 1975; Marcus, 1979; Sinervo & McEdward, 1988; Hart 1995; McWeeney, 1995) .
A less strict interpretation of the theoretical prediction would be that, although species don't always make the smallest eggs compatible with development, they all have very low levels of investment and therefore have a strong dependence on exogenous food. This seems to be true for many echinoids that can build the first larval stage that is capable of feeding, but very soon stop developing in the absence of particulate food (Fenaux, 1982; Strathmann, 1987) . This is considered to be a general characteristic of planktotrophy.
However, recent research from our laboratory shows that among subtropical echinoids, there are widely differing degrees of dependence on exogenous food (Eckert, 1995; McWeeney, 1995; Herrera et al., 1996) . The degree of dependence on food among planktotrophic echinoids is correlated with egg size and experiments confirm a direct link with the level of parental investment, as is assumed in the models. These results clearly demonstrate that not all feeding larvae have the same feeding requirements. There is a range of energetic strategies among echinoids that has not been previously recognized. Kempf & Todd (1 989) found that there was a range of energetics strategies between obligate planktotrophy and obligate lecithotrophy in opisthobranch molluscs. We predict that many other examples of "intermediate" nutritional strategies will be found in a wide range of taxa.
AU feeding echinoid larvae, obligate planktotrophs regardless of the degree of dependence on food, as well as the lecithotrophs that are capable of feeding (facultative planktotrophs, e.g. CMemter m.smeu.s, Emlet, 1986; BriEaster hhfin.s, Hart, 1996) , have the typical complex morphology of feeding larvae, including a full set of larval arms and ciliated bands. There does not seem to be any relationship ,between the degree of dependence on exogenous food and the morphology of the larva (Herrera et al., 1996) . This suggests that the transition from planktotrophy to lecithotrophy is only a shift in energetics. It does not require alterations in morphogenesis or changes in larval structure. The evolution of nutritional mode should occur frequently, rapidly, and be reversible. Species with limited dependence on exogenous food could be transitional intermediates between planktotrophy and lecithotrophy, but one can not be sure of the direction of the transition. The evolution of simplified morphology, characteristic of many obligately nonfeeding larvae, must occur subsequent to and independent of the transition to lecithotrophy (Kempf & Todd, 1989; Wray, 1995; Hart, 1996) .
IMPLICATIONS FOR LIFE CYCLE EVOLUTION
We envision a series of single character transitions among the known developmental patterns in echinoderms (Fig. 2) . We predict very different dynamicsand consequences for transitions in different kinds of characters. We predict ecological changes (nutritional mode and habitat) to be rapid, adaptive responses to selection on life histories. These changes should be reversible, because they are not tied to changes in morphogenesis and larval structure. But because they are independent of morphological changes, ecological shifts will be extremely difficult to detect. Analysis of the frequency and reversibility of such transitions will not be possible using traditional comparative analyses of larval morphology, but rather will require mapping character states on to detailed cladograms that resolve relationships at the species level. Morphological changes, on the other hand, are readily recognized, but must be analysed in terms of both developmental mechanisms and adaptive consequences.
Once having crossed a functional threshold between ecological character states, there is a change in the selective pressures acting on the developing young. For example, once independent of food supply, further increases in egg size would not reduce development time nor reduce the risk of starvation. Reduction of development time in lecithotrophs would require evolution of developmental processes to produce heterochronic acceleration. Selection for very large eggs, characteristic of nonfeeding larvae must be driven by other advantages of increased parental investment. Although several potential advantages of very large eggs have been suggested, such as production of large juveniles and reduced susceptibility to predation, this issue has not been widely investigated by comparative or experimental means, nor does there exist a theoretical framework within which to evaluate adaptive scenarios. We hope that once this is seen as a distinct question from the transition in nutritional mode, it will attract greater attention from larval biologists. Reduced selection to maintain functional feeding structures would be expected to result in the loss of complex external morphology (Strathmann, 1974 (Strathmann, , 1978 (Strathmann, , 1993 Raff, 1987; Wray & Raff, 1991; Wray, 1995) . Understanding the evolution of nonfeeding larvae will require investigation of life history ecology, larval structure and function, and evolution of development (Strathmann, 1988; Emlet, 199 1 ; Wray, 1995) . What conditions favor nonfeeding and very high levels of investment over facultatively feeding lecithotrophs? What attributes of larval structure and life history must change to produce a selective advantage? What aspects of development must be altered to achieve those changes?
Among opisthobranch larvae, there is evidence that loss of digestive function precedes structural change, even at the histological and ultrastructural level, following the transition to lecithotrophy (Kempf & Todd, 1989) . The shift from planktotrophy (phytoplankton digestion) to lecithotrophy (yolk digestion) is correlated with changes in digestive cell function, specifically endocytotic lysosomal pathways in cells of the left digestive diverticulum (Kempf & Hadfield, 1985) . The capacity to utilize exogenous food is correlated with the degree of reduction or loss of digestive cell function, whereas particle capture structures and digestive organs are retained in many obligately lecithotrophic opisthobranch larvae. These observations support our argument that functional transitions occur before and are independent of morphological change. We expect this to be a general feature of life cycle evolution because evolutionary alterations in specific features of terminally-differentiated cell types should occur more ready than changes that affect entire morphogenetic pathways (e.g. construction of the larval gut). The loss of larval feeding structures is a sufficiently large change in morphology to impose irreversibility on this aspect of life cycle evolution (Strathmann, 1978) . Associated with the structural changes are substantial alterations of developmental mechanisms (cleavage patterns, cell fates, gene expression patterns, morphogenetic patterns; Wray, 1995) . The evolution of direct development likewise involves radical alterations in development. We believe that studies of the changes in developmental mechanisms that underlie derived patterns of morphogenesis will provide important insights into the rates and pathways by which larval structure evolves.
Given three type of morphogenesis, two habitats, and two nutritional types, there are twelve developmental patterns (Table 1 ). Some of these 12 possible developmental patterns have not been observed in echinoderms. The absence of some developmental patterns could be explained on the grounds that those combinations of characters would probably not be functional (Tables 1, 2 ). Some correlations among character states are functionally necessary, planktotrophy requires complex larval morphology, whereas simple or nonlarval morphology requires a lecithotrophic mode of nutrition. Feeding on exogenous particulate food obviously requires specialized larval structures and the absence of feeding structures requires endogenous nutrition. A number of character states are independent of the states of the other characters ( Table 2) . For example, lecithotrophy is independent of both morphology and habitat, and pelagic development is independent of both morphology and type of nutrition. However, the absence of some character combinations is puzzling and raises interesting questions about the adaptiveness of character combinations. In echinoderms, benthic development is always associated with simple or nonlarval morphology Pearse, 1969 Pearse, , 1994 Pearse & Bosch, 1986) . We see no obvious reason why benthic feeding larvae could not exist. Benthic planktotrophic larvae would probably need to be free-living in order to acquire sufficient particulate food. Since there are few, if any, documented cases of benthic, free-living, nonfeeding larvae, it might well be benthic predation that precludes free-living larvae on the sea floor, regardless of nutritional mode. Ecological experiments could be designed to resolve the question of whether the absence of benthic feeding larvae is the due to nutritional conditions near the benthos or because of the risk of predation.
In this paper, we have argued that transitions in the type of morphogenesis should be less frequent, slower, and irreversible compared to changes in nutritional mode or habitat. This is inherent in the nature of morphological and developmental change (see section entitled Evolution of the type of morphogenesis) and is not because transitions in morphogenesis require simultaneous changes in the other life cycle characters (Table 3 ). In fact, it does not seem that any of the character transitions that we have considered depend on simultaneous transitions in other characters (see also, Strathmann, 1993) . However, some transitions do require particular character states in other features. Changes in nutritional mode would seem to require the presence of a complex larval morphology to provide the feeding structures necessary for planktotrophy (whether as the ancestral or the derived state).
AU changes in the type of morphogenesis occur in association with lecithotrophy (Table 3) . Planktotrophy can't be lost until endogenous nutrition is sufficient for complete development (see Kempf 8z Todd, 1989) . Likewise, transitions between simple and n o n l d morphologies require lecithotrophy because both types of morphogenesis are dependent on endogenous nutrition. Is the evolution of direct development dependent on the character state for developmental habitat (Table 3) ? At present, this is an open question but we hypothesize that direct development should evolve more frequently, possibly only, in association with benthic brooding because protected modes of development should reduce the need to maintain larval structures, organization, and a complex metamorphosis that define the indirect type of development. If it ever occurs, evolution from direct to indirect development by the de nouo acquisition of a larval body plan, might be more likely in life cycles with pelagic development because of stronger selection pressures for larval adaptations. Since ecological characters are expected to evolve frequently and rapidly, these issues of morphological and developmental change can be investigated only when we have sufficient comparative information on developmental mechanisms and life cycle diversity to conduct a rigorous phylogenetic analysis of character evolution.
It is the evolution of morphology, not ecology, that requires alterations in developmental processes and imposes the overall directionality of evolutionary change in marine life cycles. Two important morphological changes have occurred in the evolution of echinoderm life cycles, loss of feeding structures and loss of the larval body plan. Irreversibility, based on morphology, constrains the possible ' directions of hture evolutionary change within a clade and is responsible for the accumulation of species into discrete developmental patterns. It is important to recognize that developmental patterns are composed of qualitatively different kinds of characters. This necessitates linking studies of developmental evolution with larval ecology and life history theory in order to understand how larvae and life cycles evolve.
